Introduction

23
The total road length in the UK is estimated to be approximately 250 thousand miles with 24 most of these roads being surfaced with asphalt mixtures [1] . Asphalt mixture is a composite The peel test used for aggregate-bitumen adhesive testing requires the preparation of a large 2 flat aggregate surface with regular shape. In this case, only large stone boulders could be used 3 for the peel substrate preparation. This paper presents a newly designed procedure to prepare 4 a composite substrate using coarse aggregates as a practical alternative to the standard peel 5 test. The innovation of this procedure is the ability to combine several coarse aggregates 6 together and get a flat aggregate surface that can be easily used for the peel test rather than 7 use stone boulders. The paper evaluates the susceptibility of the aggregate-bitumen bonds to Four types of aggregate (including boulders and coarse aggregates) from different quarries 7 were selected as substrates. They included two limestone 'basic' aggregates (L1 and L2) and 8 two granite 'acidic' aggregates (G1, G2). In this research, these four aggregates were used for 9 both the newly developed CSPT and standard peel test. The water absorption of these four 10 aggregates was evaluated according to the ASTM standard (ASTM C127-15) and the results
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shown in Table 1 . The results show that L1 has a far higher moisture absorption than L2 and 12 G2, which are very similar, while G1 has the lowest moisture absorption. For the peel testing, the specimen should be rectangular, with the rigid aggregate substrate The stone boulders were first wet-sawn to get aggregate slabs with a thickness of 10 mm.
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Then, the aggregate slabs were trimmed to a size of 150 mm long and 20 mm wide, as shown 19 in Figure 1a . In this case, only large stone boulders (>200 mm) could be used for the 20 substrate preparation. However, commonly used asphalt mixture aggregates are crushed 21 coarse aggregates (20 mm -32 mm) which are significantly smaller than stone boulders.
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This paper presents the development of a novel method to prepare a composite substrate 24 using crushed coarse aggregates (Figure 1b) as a more practical replacement for the aggregate substrate prepared from boulders ( Figure 1a ). The innovation of this procedure is the ability 1 to combine several coarse aggregates together and get a flat surface that can be used for the 2 peel test.
4
In order to combine the coarse aggregates together, a mould made up from five aluminium 5 plates was designed and shown in the schematic diagram in Figure 2 . These five aluminium 6 plates could then be assembled together by using eight screws to produce inside dimensions 8. All specimens were stored at room temperature ready for further testing. The achieved peel force was first used to calculate the uncorrected adhesive fracture energy, 20 using Equation as follows:
peel angle.
Then, the corrected fracture energy is obtained by removing the energy associated with the 3 plastic bending of the peel arm:
where is the corrected fracture energy and is the energy associated with the plastic 8 bending of the peel arm.
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In order to calculate the fracture energy of the aggregate-bitumen bond, the mechanical
11
properties of the aluminium peel arm were first determined using the same tensile speed as 12 the peel test. In order to describe the elastic and plastic deformation of the peel arm, the where is yield stress and is the yield strain, 1 is the elastic modulus of the peel arm, 2
21
is the plastic modulus of the peel arm, is the work hardening coefficient of the peel arm and 22 is the ratio of plastic modulus to elastic modulus, 2 1 ⁄ .
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The measured stress-strain curve was modelled using the bi-linear model and the parameters gained from the fitting process are shown in Table 2 . The value of the corrected fracture 1 energy was then calculated using large displacement beam theory. In terms of the newly developed CSPT, the method to calculate the average tensile force Specimens prepared with bitumen and the four coarse aggregates (L1, L2, G1 and G2) were 24 subjected to the CSPT. The aggregates were first combined together using epoxy resin and the self-designed mould followed by preparing the peel test specimen, as described in Section occurred within the bulk of the bitumen, as shown in Figure 7 . The fracture energy depended 10 on the cohesive bond in the bulk of the bitumen layer. This is why all aggregates show almost 11 the same fracture energy in the dry condition. demonstrates that the composite substrate could be used for fracture energy evaluation. The effect of moisture on the bond strength could be captured using a single retained fracture As shown in Figure 9 , one effect of moisture on the aggregate-bitumen interface is the properties and mineral composition of the aggregates. For G1 aggregate, the dominant mineral phases, albite and quartz, are considered to be sensitive to moisture damage. The specimens prepared based on the standard peel test were also subjected to moisture 6 conditioning following the procedures as shown in Section 3.2.3. After peel testing, the 7 loading behaviour and failure surfaces of G1 and G2 were selected to compare with the CSPT 8 results, as shown in Figure 10 . It can be seen that the G1 specimen results in a higher loading 9 value in comparison with G2 identical to the trend found from the CSPT results in Figure 8 .
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The G1 specimen shows cohesive failure while the G2 specimen shows mostly adhesive With the aim of directly comparing the measurements made with CSPT and the standard peel 17 test, the loading behaviour of the G1 and G2 specimens obtained from these two tests were 18 plotted in Figure 11 . From this figure it can be seen that by using the same aggregate, these 19 two different tests show similar loading results thus demonstrating that the newly developed
20
CSPT could obtain similar loading behaviour as determined with the standard peel test. After moisture damage, the retained fracture energy of the four samples was defined as the 1 ratio of fracture energy after moisture conditioning to the one before moisture conditioning.
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Plotted against time, the retained energy could be used to characterise the moisture resistance To quantify the relationship between the CSPT and the standard peel test, the retained 16 fracture energies from the two tests were plotted against each other. Figure 13 shows the plot 17 depicting the relationship between retained fracture energy, including 7 days and 14 days, The following conclusions were deduced based on the results presented in this study: 
